To date, a variety of protocols for organoid generation have been published, many of which aim to model cortical development 2, 3, 5, 6 . However, protocols have also been published for the generation of organoids that model the development of other human brain regions, including the hippocampus 7 , midbrain 4, 5, 8 , hypothalamus 5 , cerebellum 5, 9 , anterior pituitary 10 and retina 10, 11 . In this article, we highlight recent advances in the field and discuss how they have enabled modelling of human disease and neuro developmental disorders. We discuss the limitations of existing models and consider what can be done to further improve this promising technology.
Generating organoids
Brain organoid technologies derive from earlier work on the culture of embryoid bodies. Embryoid bodies are large multicellular aggregates of PSCs that are often generated as an early step in stem cell differentiation protocols and are capable of undergoing developmental specification similar to that of the pregastrulation embryo 12 . In 2001, ESCs were used to generate embryoid bodies that could be directed towards a neural lineage 13 . When plated on coated dishes, the embryoid bodies generated clusters of neuroepithelial cells that self-organized in 2D culture to form rosettes. The rosette formations displayed features of the embryonic neural tube, including a pseudostratified epithelium with apico-basal polarity that recapitulated the properties of neuro epithelial cells and radial glial cells, the stem cells of the developing brain 14, 15 . It was later shown that ESCs were able to produce neural precursors in the absence of serum,
Inductive signals
Molecular signals that can influence the developmental fate of a cell.
Outer radial glial cells
A subclass of radial glial cell residing primarily in the outer subventricular zone.
Morphogens
Secreted factors that can induce different cell fates across a sheet of cells in a concentration-dependent manner by forming gradients.
growth factors, or other inductive signals 16 , demonstrating the remarkable ability of PSCs to spontaneously acquire neural identity. It was also demonstrated that cell aggregation was not essential for efficient neural differentiation 16 , and a number of protocols for generating cortical neurons from monolayer cultures were developed 17, 18 . The development and formation of apico-basally polarized tissue from PSCs was extensively described by Yoshiki Sasai and colleagues in a number of seminal papers that used serum-free suspension culture of embryoid bodies and the addition of specific inductive signals to generate forebrain neural precursors 19 . In 2011, a 3D neural culture system using human ESCs was used to generate self-organizing optic cup-like structures displaying features of retinal architecture 20 . Building on these findings, and following advances in organoid technologies in which a supportive extracellular matrix (Matrigel) was used to support tissue growth 21 , two further advances helped to pioneer the field of brain organoids. First, an in vitro system for the generation of brain-like organoids was developed 2 . These 3D structures contained regions that resembled various discrete brain regions and were thus called cerebral organoids. Strikingly, they contained cortical-like regions that displayed an organization similar to that of the early developing human cortex. Second, a subsequent study used inductive signalling molecules to mimic endogenous patterning and drive effective dorsal and ventral forebrain differentiation 3 . Both of these protocols generated organoids containing a dorsalized neuroepithelium that reproduced certain aspects of cortical development, both structurally and in terms of cell behaviour. The proliferative ventricular-like zones contained neural stem cells that, over time, produced a multilayered cortical-like structure that included a marginal-like zone containing Reelin-positive Cajal-Retzius cells, a subplate-like region, and a cortical plate-like zone containing cells expressing markers of deep-and superficial-layer neurons. Importantly, these organoids displayed features of human development that are not found in the mouse, such as the presence of outer radial glial cells (oRGs, also known as basal radial glial cells) in a subventricularlike zone 22, 23 (FIG. 1) . Thus, human brain organoids could produce human-relevant cell types (as had been shown earlier in 2D PSC-derived cell cultures 24 ), spurring an intense interest in organoid technologies as a model system to study human-specific features of brain development.
Over the past few years, a variety of brain organoid protocols have been developed, many of which focus on modelling cortical development 2, 3, 5, [25] [26] [27] 
A major subject of discussion regarding these protocols is the extent to which self-organization is favoured over cell fate induction achieved through the addition of extrinsic signalling molecules. Some protocols build on the principles of spontaneous neural induction by using medium that is free of neural induction signalling molecules 2, 27 . This promotes the generation of diverse brain regions and cell populations 2, 28, 29 . Although such regional diversity is appealing, it also leads to a relatively variable outcome and the differentiation of some cells into non-ectodermal cell types 28, 29 . Most protocols therefore optimize neural induction by mimicking endogenous patterning through the application of exogenous cues (TABLE 1) . Commonly, neural induction in brain organoids includes inhibition of SMAD signalling to inhibit mesoderm and endoderm formation, followed by the provision of specific morphogens and fate-specifying molecules 18 . A better understanding of the spatial and temporal aspects of morphogen signalling in organoid generation will therefore enable researchers to better mimic in vivo developmental programmes.
Correctly mimicking morphogen signalling in in vitro cultures is difficult due to the complex interplay of regional and temporal expression in vivo. For example, in embryogenesis, the effects of WNT signalling are stage specific, and there are divergent roles for WNT signalling in cell proliferation and cell type specification that depend on its temporal and regional expression (for reviews, see REFS 30, 31) . In vivo, WNT signalling is known to play an important role in body axis determination and cell fate patterning 32 . Before gastrulation, WNT signalling is implicated in establishing the dorsoventral body axis, and its targets include genes that are essential for dorsal mesoderm formation 32 . Following gastrulation, the WNT pathway is important for anteroposterior axis specification 31, 32 . Several WNT ligands are expressed in the posterior region of the embryo, whereas multiple WNT antagonists are expressed in the anterior (head) region 31, 32 . Mouse studies have also suggested that, following forebrain specification (the establishment of the anteroposterior axis), WNT signalling plays a role in the dorsoventral patterning of the forebrain by repressing the molecular identity of ventral forebrain progenitors 33 . Similar to its in vivo patterning, inhibition of WNT signalling promotes anterior identity and enhances neurectodermal differentiation during early-stage embryoid body differentiation, whereas activation of WNT signalling posteriorizes the embryoid body and promotes mesoderm differentiation 34 . Additionally, it has been shown that when canonical WNT signalling is activated in PSCs during neural differentiation, neural progenitors of a caudal identity are induced in a dose-dependent manner, mimicking in vivo patterning 35 . Reflecting this, in order to promote the induction of forebrain fate, some organoid protocols use WNT inhibition to block the caudalizing effects of WNT 19, 36 . In embryogenesis, WNT signalling in the forebrain may also have a mitogenic role: constitutively active Wnt signalling leads to an enlarged forebrain primordium in the mouse, owing to an expansion of the progenitor cell population 37 . Activation of WNT signalling from embryonic day (E) 10.5 in mice also inhibits cortical neural differentiation, whereas its inactivation promotes terminal differentiation 38 . These results suggest a role for WNT signalling in promoting symmetric proliferative divisions during early cortical development and expanding the progenitor cell population, indicating that activation of WNT signalling could be used to expand the neuroepithelial-like regions of organoids. WNT3A or a WNT pathway activator has therefore been used in combination with SMAD inhibition at early stages of forebrain organoid protocols, where it was found to promote production of neuroepithelial-like organoids and significantly reduce cell death 5 . In organoid generation, the pattern of signalling by WNT and other growth factors has not yet been fully examined. Given that the activity of signalling factors in vivo is regulated in a strict temporal and spatial pattern, future protocols will benefit from strategies by which the regional and temporal activity of morphogen signalling seen in vivo is more faithfully recapitulated.
Apart from growth factor cues, other modulatorssuch as scaffold support provided by the extracellular matrix -are important features of current protocols 2, 5, 28 . Some methods use scaffold-free conditions that, when combined with extrinsic neural induction, produce cortical spheroids that undergo both neurogenesis and astrogliogenesis, thus reproducing another important aspect of the cellular diversity of cortical development 25 . Bioreactors designed to improve oxygen diffusion and nutrient distribution have been used to produce larger and more viable structures that can grow for longer periods 2, 5 
. The technology is evolving rapidly, and one can anticipate significant advances in the near future that will result in more consistent, mature, and architectonically complex cerebral organoids.
Organoids as models of development
The organoid field, although promising, remains young, and there is much room for improvement before it will be a truly robust model for developmental studies. One important issue is that organoids derived from the same cell line under the same conditions can often produce tissues with different regional identities and spatial and cellular heterogeneity 28, 29 . This is especially evident in organoids undergoing self-assembly with minimal Immunohistochemical analyses reveal rosette-like structures in immature organoids (left). These contain neuroepithelial stem cells and ventricular radial glial cells (vRGs) that divide at the apical surface and form a ventricular-like zone (VZ). Intermediate progenitors (IPs) and neurons surround the VZ. Cells that express markers of early cortical plate neurons such as COUP-TF-interacting protein 2 (CTIP2, also known as BCL11B) and T-box brain protein 1 (TBR1) are also generated in immature organoids 2, 3, 5 .
More mature organoids (right) display multiple progenitor zones, including a VZ and a subventricular-like zone (SVZ). Immunohistochemistry reveals the presence of outer radial glial cells (oRGs), forming the outer subventricular zone (OSVZ) and the presence of cells expressing specific cortical layer markers and glial cell markers 5 addition of extrinsic factors. Moreover, the extent to which organoids faithfully recapitulate in vivo human development is only beginning to be understood.
Recapitulating aspects of human neurodevelopment. The production of radial glial cells, intermediate progenitors, and deep-and superficial-layer neurons in an ordered temporal fashion has been reported by studies using all of the protocols currently in use 2, 3, 5, 25 . A recent study further demonstrated the production of cortical neuron subtypes expressing markers found in all six cortical layers 5 (FIG. 1) . Remarkably, these distinct subclasses of neuronal cells exhibited multilaminar organization, although they did not form the six distinct layers seen in normal mammalian cortex (FIG. 2a) . Interestingly, the developmental timing of cortical neurogenesis appears to be conserved in vitro and has been demonstrated with both suspension and adherent differentiation methods 2, 3, 5, 39 . Another important aspect of human development that has been reported in brain organoids is the generation of an outer subventricular zone (OSVZ) containing an abundant population of oRG progenitor cells. oRGs are present in large numbers in gyrencephalic primates 22, 23, [40] [41] [42] [43] [44] and are considered pivotal to the evolutionary increase in human cortex size and complexity 45, 46 . The oRG population is largely missing in mouse brain development 47 , and human cellular models therefore provide a unique opportunity to study this cell population. oRGs were first suggested to be present in human organoid models due to the detection of proliferating cells expressing radial glial markers located away from the ventricular-like zone 2, 3 . However, due to the general disorganization of organoid tissue, the anato mical location of cells can be a poor indicator of cell identity. It was only after the molecular identity of oRGs was established 48 that an OSVZ-like zone containing oRGs could be reliably identified based on marker expression 5 (FIG. 1) . Time-lapse confocal microscopy of organoid cells displaying the characteristic mitotic behaviour of oRGs provided further evidence of their identity 49, 50 , and single-cell transcriptome sequencing has been used to confirm the presence of cells with oRG gene expression signatures 50 . Human brain organoids are therefore potentially useful for modelling human-specific traits, such as the cell types and structural features of the human brain, or the effects of disease-causing mutations that are difficult to model in the mouse. For example, the mechanisms underlying human cortical expansion and gyrification could be investigated with organoids. A recent report described expansion and surface folding of cerebral organoids following phosphatase and tensin homologue (PTEN) deletion and enhancement of the phosphoinositide 3-kinase (PI3K)-AKT growth signalling pathway 51 , suggesting that increased neural progenitor proliferation may be a major contributing factor to expansion and gyrification of the human brain. However, folding in the organoids was prominent in the neuroepithelium, and the relationship of this folding phenotype to actual cortical folding (which develops largely after neuro genesis ends and involves the cortical mantle rather than the proliferative zone) remains unclear.
Cell type diversity and reproducibility. In-depth studies of the cell types produced in brain organoids and how they compare to their in vivo counterparts are needed in order to assess their validity as developmental models. RNA sequencing (RNA-seq) has been used to compare gene expression in cerebral organoids to bulk or microdissected regions of human fetal brain. The results show that the transcriptional profiles of organoids cultured for up to 100 days are similar to those of developing human cortex at post-conceptional weeks 17-24 (REFS 25, 29) . Interestingly, the transcriptomic profiles of
Box 1 | Generation and characterization of cerebral organoids
Induced pluripotent stem cells (iPSCs) can be derived via the reprogramming of somatic cells (see the figure) . In this process, a mature cell is converted back into a pluripotent stem cell, through the introduction of 'reprogramming factors'. Following reprogramming, patient iPSCs bearing disease-causing mutations can be genetically 'repaired', or mutations can be introduced into wild-type iPSCs to create isogenic cell lines. The 3D aggregation of pluripotent stem cells (including both iPSCs and embryonic stem cells (ESCs)) in the presence of neural induction molecules drives the formation of neural rosette structures (FIG. 1 ). These structures can largely self-organize under optimal conditions to give rise to more complex structures termed cerebral organoids. A variety of bioengineering techniques, including scaffolds and bioreactors, have enabled improvements in organoid viability and maturation. Single-cell transcriptome profiling can be used to compare organoids to the developing human brain to evaluate the fidelity of organoid models, and electrophysiological and morphological analyses can be used to profile cells. Despite these advances, a detailed and multidimensional analysis of cell types and cell type maturation is needed to improve protocols and establish more robust models.
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• BDNF, brain-derived neurotrophic factor; BMP, bone morphogenetic protein; CNTF, ciliary neurotrophic factor; EGF, epidermal growth factor; ESCs, embryonic stem cells; FGF2, fibroblast growth factor 2; GDNF, glial cell line-derived neurotrophic factor; GSK3β, glycogen synthase kinase-3β; iPSCs, induced pluripotent stem cells; NA, not applicable; NESCs, neuroepithelial stem cells; NT3, neurotrophin 3; OPC, oligodendrocyte progenitor cell; oRG, outer radial glial cell; OSVZ, outer subventricular zone; SDF1, stromal cell-derived factor 1; SHH, sonic hedgehog; TGFβ, transforming growth factor-β.
Principal component analysis
A mathematical algorithm that reduces the dimensionality of data while retaining important variation.
organoid-derived neurons show greater neuronal maturation than those of 2D monolayer-derived neurons 25 . However, it is important to note that cell composition differences may drive gene expression signals in these comparisons: thus, 'maturation' may reflect the relative proportions of differentiated neurons and progenitors, which changes over developmental time.
To overcome this problem, recent studies have begun to profile gene expression in single cells during normal cortical development and during cerebral organoid development 28, 29 . A recent paper used dropletbased single-cell mRNA sequencing to analyse gene expression in 80,000 cells from 31 brain organoids after 3 and 6 months in vitro 28 . Using principal component analysis, 10 distinct populations of cells (clusters) were identified in 6-month old organoids. These included astrocytes, neuroepithelial progenitors (including cells with oligodendrocyte precursor cell-like identity), neuronal lineage cells, cells enriched for forebrain markers, and cells expressing retina-specific genes. Further analyses of the forebrain and retinal cells identified transcriptionally distinct subclusters of cells. As one might expect, 6-month-old organoids presented a greater diversity of cell types than 3-month-old organoids, as well as enrichment of genes associated with neuronal and glial maturation.
This study built on earlier single-cell work on organoid cell type diversity 29 and provided the largest-to-date molecular map of the diversity of cell types generated. However, it also highlighted several challenges and Nature Reviews | Neuroscience 45 and that of a typical human organoid (not to scale) 2, 3, 5 . Human cortex and human organoid models notably share an expanded subventricular zone (SVZ) that contains an outer SVZ (OSVZ) 22, 45 . Human organoid models therefore provide an important advance in our ability to study the role of the expanded human SVZ and the cell types associated with this region in vitro. Outer radial glial cells (oRGs), characteristic of the human SVZ, have been identified in organoids 2, 3, 5, 25, 50 . Over time, cortical organoids are able to generate diverse neuronal subtypes that can become organized into deep and upper layers as has been shown by immunohistochemistry 2, 3, 5, 25 . However, current models do not display the complexity or organization of mouse or human laminar organization. b | Current organoid protocols do not produce all the cell types known to be important for human cortical development. The schematic illustrates some of the cell types under-represented in current organoid models. Importantly, cerebral organoids lack vascularization (endothelial cells) and microglial cells. Oligodendrocyte precursor cells (OPCs) are also uncommon in most protocols. CP, cortical plate; IP, intermediate progenitor cell; IZ, intermediate zone; MZ, marginal zone; SP, subplate; vRG, ventricular radial glial cell.
Single-cell transcriptional profiling
RNA sequencing of single cells.
Regulatory elements
Sequences of a gene that are involved in regulation of genetic transcription.
Epigenome
A multitude of biochemical modifications to DNA that have key roles in regulating genome structure and function, including the timing, strength, and memory of gene expression.
Forebrain organizing centres
Groups of cells that send signals that induce distinct fates in neighbouring cells, resulting in spatial patterning in the forebrain.
caveats of the organoid protocol. For example, a large number of cells were assigned to a mesodermal lineage, emphasizing the variability inherent in the protocol. Also, the authors observed that some cell types were only produced by a subset of organoids and that organoids grown in the same bioreactor tended to be similar in terms of their ability to make cells of each cluster, suggesting that batch effects and local microenvironments are important in patterning and possibly that organoids secrete signalling factors that influence sister organoids. In addition, not all cell clusters in every organoid were assigned to a specific cell type, indicating that variability between populations of cells can be driven by factors other than cell type (for example, batch effects) and/or that the identity of some cells is not strongly correlated to an in vivo counterpart. Interestingly, despite weak correlations between the transcriptional identity of organoid progenitor cells and their in vivo counterparts, organoid cells still differentiated reasonably accurately, implying that the differentiation cues are strong enough to drive correct maturation. Several reports suggest that long-term organoid culture can improve the correlation between the molecular signatures of organoid and endogenous cells 28, 52 . These studies highlight the importance of analysing molecular signatures that reflect cell type and regional identity because although appropriate developmental cues can be replicated in vitro, specific offtarget cell signatures can often be found. Understanding these signatures is fundamental to developing more robust models. Fusing organoids to model complex structures and circuit formation. The 'extrinsic' organoid model whereby patterning is influenced by externally added molecules rather than relying on intrinsic self-organization shows promise with regard to better reproducibility 5, 6, 25 . In a recent study in which pallial and subpallial spheroids were generated and characterized by single-cell analysis, no cells with a mesodermal or endodermal identity were found 6 . Creating isolated regional identities does, of course, restrict the ability to recapitulate certain aspects of brain architecture and connectivity. For example, in the developing cortex, excitatory neurons originate from the dorsal (pallial) cortex, whereas inhibitory cortical neurons arise from the ventral (subpallial) forebrain 53 . A dorsal cortex organoid will therefore lack inhibitory interneurons, a limitation for studying formation or function of cortical circuits. Some researchers are tackling this problem by fusing organoids of different regional identities 6, 26 . For example, the fusion of human cortical spheroids and human subpallial spheroids was used to model the migration of interneurons from the subpallium to the cortex 6 . Interneuron migration was previously reported in an 'extrinsic' cerebral organoid model 2 ; however, the later study exploited the reproducibility afforded by directed differentiation. The subpallial spheroids were initially patterned with SMAD inhibition and then exposed to molecules known to confer ventral identity 6 . Following long-term culture, several GABAergic interneuron subtypes were observed. Furthermore, single-cell transcriptional profiling revealed that glutamatergic neurons and intermediate progenitors were produced in pallial cortical spheroids, whereas GABAergic cells and oligodendrocyte progenitors were produced in the subpallial spheroids (both conditions produced astroglia). The organoid-derived interneurons migrated in a manner similar to that of their in vivo counterparts.
These findings were further supported by another report documenting interneuron migration following fusion of dorsal and ventral brain organoids 26 , and both studies demonstrated disruption of migration by antagonism of C-X-C chemokine receptor type 4 (CXCR4), which has an important role in interneuron migration 6, 26 . It will be interesting to see if these systems can replicate the directionality afforded by guidance cues in vivo and whether the organoid interneurons secrete molecules that can locally influence progenitor cell populations in the cortex as has been shown in vivo 54 . If so, these models could help to address fundamental questions regarding cell-autonomous and non-cell-autonomous contributions to migratory routes and the establishment of cortical circuits.
Modelling epigenomic remodelling.
The temporal transcriptional precision that drives human brain development is also influenced by the activity of numerous regulatory elements along with global remodelling of the epigenome 55 . It is therefore important to assess epigenomic remodelling during organoid differentiation. A recent study analysed DNA methylation in brain organoids and revealed that, although some patterns were conserved between fetal tissue and brain organoids, others were specific to in vitro conditions 52 . This again emphasizes the importance of continued validation of models and protocols with reference to the developing human brain.
Understanding self-organization. Despite differences in protocols, all organoids undergo some extent of self-organization; however, the mechanisms of selforganization are not well understood. A recent study characterized cerebral organoids by demonstrating the presence of both distinct cerebral brain regions and forebrain organizing centres 56 . Immunohistochemical analy ses revealed that several organoids contained a cell population that resembled the cortical hem, an important signalling centre implicated in forebrain patterning 57, 58 . In human development, the cortical hem expresses WNT and BMP genes 59, 60 and is an important organizing centre instructing the formation of the hippo campus 57 and the dorsoventral patterning of the neocortex 58 . Although the presence of a cortical-hem-like region had been noted in an earlier report 3 , the organoid tissue examined in the later study also expressed signalling molecules, including WNT2B and BMP6. This suggests that hem-like signalling centres can participate in the self-organization of cerebral organoids, mimicking the endogenous patterning of the developing brain. It remains to be seen, however, to what extent these centres have a functional role in organoid organization and whether they can reproducibly generate organoids with more complex regional organization.
Establishing functional cortical circuits. A major limitation of organoid modelling is the lack of evidence of the establishment of faithful cortical circuits; however, some progress has been reported on this front. A degree of neuronal functional maturation was reported in dorsal telencephalon organoids that were allowed to develop for up to 180 days in vitro 25 . Neurons fired action potentials spontaneously, there was evidence of synaptogenesis and excitatory postsynaptic potentials were evoked in response to extracellular electrical stimulation, suggesting neuronal connectivity. The formation of the human cerebral cortex in vivo involves the assembly of canonical circuits composed of glutamatergic neurons that are generated in the dorsal forebrain and GABAergic interneurons that are produced in the ventral forebrain 53, 61 . In the dorsal-ventral fused model mentioned earlier 6 , cells that migrated from the subpallial spheroid to the cortical spheroid expressed cortical interneuron markers, and wholecell voltage-clamp recordings demonstrated that these interneuron-like cells can receive excitatory inputs from cells in the dorsal cortical organoids; conversely, the cells in the dorsal cortical organoids can receive inputs from the inhibitory interneurons. The cells that had migrated into the cortical spheroids also fired action potentials at twice the rate of cells in unfused subpallial spheres or non-migrated cells in the fused organoid, suggesting maturation of membrane properties. Increased complexity of branching and morphological evidence of synapses between GABAergic interneurons and cortical neurons were also reported. Thus, pre-patterned organoids can fuse and form functional interconnections.
In addition to these findings, electrophysiological studies have demonstrated functional synapses in several brain organoid models 25, 28 , and electron microscopy has confirmed the presence of structurally defined synaptic junctions 28 . Recently, it was demonstrated that photosensitive cells in retinal-like regions of brain organoids can respond to light 28 . However, the extent to which the synapses that form between neurons in organoids reflect the normal microcircuits in the developing brain remains unclear. Most human cortical circuits develop postnatally, and many take years to mature. The problems of circuit maturation and the development of relevant cortical circuits will be significant challenges for scientists to overcome.
Challenges. Despite considerable progress, many issues remain. Brain organoids currently lack some of the cell types present in primary cortex, such as endothelial cells (which have been shown to influence progenitor cell behaviour 62, 63 ) and microglia (which also have a role in early stages of cortical development 64 ) (FIG. 2b) . Organoids show structural features of ventricular zones and some aspects of cortical layering (FIG. 2a) , but additional levels of cortical organization such as the radial glial scaffold, gyrification, proper cortical layering and the specificity of neuronal connections remain to be established and need to be compared to patterns observed in primary tissue (FIG. 3) . An overriding issue regarding brain organoids as a model of development is their relative immaturity. Most protocols show transcriptional correlation with only early to mid-gestational stages of brain development 5, 25, 29 . If, and how, later stages of development can be modelled remains to be seen.
Organoids as models of brain disease
Although animal models of neurodevelopmental diseases have been essential for our current understanding of pathological mechanisms, there are obvious species differences that limit their resemblance to human diseases, including differences in developmental programmes, cytoarchitecture, cell composition, and genetic background. Animal models have been particularly powerful in helping us to understand the role of an identified mutated gene in a disease phenotype. However, many uniquely human cognitive and behavioural diseases -such as autism spectrum disorder (ASD) or schizophrenia -present polygenic aetiology, making them difficult to study with existing animal models. Also, evolutionary species differences in the genomic landscapes that underlie intellectual abilities preclude the use of rodent models for many human behavioural disorders.
The advantages of in vitro models of human brain disease are numerous. They hold promise for the study of at least some features of disease in a 3D multi cellular environment. Organoid models are also amenable to studies that require live, functioning tissue, such as the analysis of electrophysiological features or dynamic cell behaviours. Additionally, organoids derived from patients harbouring genetic diseases afford the possibility of studying disease mechanisms. In particular, the use of patient-derived iPSCs provides a unique opportunity to model complex polygenic disorders, including those with unidentified risk loci.
The possibilities of disease modelling have expanded with the evolution of genome editing tools 65 , which allow for the introduction of precise, targeted mutations or targeted gene repair. These manipulations are easily applied to organoid systems 51, 66 , fuelling a burgeoning interest in the application of this technology to understand the pathophysiology of a wide range of adult and developmental human brain diseases. However, it remains to be seen if embryonic-stage organoids can be used to model neurodegenerative diseases of the ageing brain or neurodevelopmental diseases that manifest at later, postnatal stages.
Modelling neurodevelopmental disorders.
Given the resemblance of organoid models to early stages of cortical neurogenesis, they may be best suited for modelling developmental disorders that manifest at embryonic or fetal stages. An example is provided by a study that reported the use of iPSCs derived from a microcephalic patient carrying a mutation in the gene encoding CDK5 regulatory subunit-associated protein 2 (CDK5RAP2) 2 . Cerebral organoids grown from these cells contained fewer proliferating progenitor cells and showed premature neural differentiation compared to wild-type counterparts. This study thus suggested a mechanism underlying the microcephalic phenotype observed in patients.
In some instances, brain organoids have recapitulated disease phenotypes observed in mouse models, validating both models 50 . However, they can also be used to discover human-specific phenotypes, providing an advantage over existing mouse models. Two recent papers used brain organoids to investigate the cellular basis of MillerDieker syndrome (MDS), a severe congenital form of lissencephaly 50, 67 . Classically, lissencephaly has been studied in mouse models, which have the obvious disadvantage of being naturally lissencephalic. Although gyrification is not yet well recapitulated in human brain organoids, they may contain the relevant cell types or developmental programmes necessary to investigate these diseases. iPSCs derived from individuals with MDS were used to generate cerebral organoids that exhibited several developmental phenotypes reported in lissencephaly mouse models, including dysregulation of the neuroepithelial stem cell mitotic spindle and neuronal migration defects 50 . The organoids also displayed severe apoptosis of neuroepithelial stem cells in the ventricular-like zone and a mitotic defect in oRGs 50 . A second report also observed changes in the division mode of radial glial cells in MDS organoids and identified non-cell-autonomous defects in WNT signalling as an underlying mechanism 67 . Several interesting aspects of human cortical development are yet to be explored in brain organoid models. a | A developmental switch from a continuous radial glial scaffold to a discontinuous scaffold and the generation of radial glial cells with non-classical morphologies (such as truncated radial glial cells (tRGs)) was recently described 90 and could be examined in organoid models. It was shown that during early neurogenesis (the continuous scaffold stage), the basal fibres of ventricular radial glial cells (vRGs) contact the pial surface and that newborn neurons migrate along the fibres of both vRGs and outer radial glial cells (oRGs). During late neurogenesis (the discontinuous scaffold stage), newborn neurons reach the cortical plate only along oRG fibres. If these structures are recapitulated in human organoids, time-lapse imaging of migrating neurons could be used to demonstrate this developmental switch. b | Another feature of human cortical development to be explored is the cortical folding that takes place largely after neurogenesis is complete, which has yet to be properly modelled in organoids. In addition, the establishment of correct lamination replicating the six layers 
Viral tropism
The specificity of a virus for a particular host cell.
The recent outbreak of Zika virus (ZIKV) in the Americas has also highlighted the potential uses, and limitations, of organoid modelling. In early 2016, despite a correlation between the ZIKV epidemic and an increase in cases of congenital microcephaly, there was no direct experimental evidence that ZIKV infection causes birth defects. The use of brain organoids helped to demonstrate a causal relationship between ZIKV infection and the selective targeting and destruction of neural progenitor cells. A study using 2D iPSC-derived neural progenitor cells 68 and two later studies 69, 70 that used both 2D neural precursor cells (NPCs) and brain organoids demonstrated this association. One study showed that brain organoids exposed to ZIKV undergo a growth reduction 69 , whereas another reported reductions in progenitor cell and neuron numbers due to apoptosis 70 . Further studies used forebrain organoids to reveal cell-specific viral tropism, selective effects on NPC proliferation 5 , and upregulation of the innate immune receptor Toll-like receptor 3 (TLR3) after ZIKV infection 71 . Pathway analysis of gene expression changes during TLR3 activation highlighted several genes related to neuronal development, suggesting a mechanistic connection to disrupted neurogenesis.
However, the organoids used to investigate ZIKV infection do not precisely reflect human brain tissue architecture and cell type composition (see above). Consequently, the interpretation of cell type infectivity and its significance in human disease may be biased. Studies using organoids and primary tissue both found high infectivity of NPCs; however, infection of astrocytes was only occasionally observed in organoids 5 but was abundantly present in primary tissue 72 . It is unclear if this was due to an under-representation of astrocytes in the organoids or inherent differences between in vitro-and in vivo-derived cells.
The use of primary tissue also highlighted the vulnerability of microglia to ZIKV infection 72 . As noted above, this cell type is usually missing from organoid models, which may be significant when considering viral entry mechanisms. Indeed, single-cell RNA-seq data from human primary tissue revealed that the candidate viral entry receptor, AXL (also known as tyrosine-protein kinase receptor UFO), is highly expressed by human cortical radial glial cells, astrocytes, endothelial cells, and microglia, as well as in radial-glia-like cells of brain organoids 73 . Blocking the AXL receptor reduced ZIKV infection of PSC-derived astrocytes in vitro, and genetic knockdown of AXL in a glial cell line nearly abolished infection. However, a study using human iPSC-derived NPCs or early-stage cerebral organoids demonstrated that genetic ablation of AXL did not affect ZIKV entry or ZIKV-mediated cell death 74 . These seemingly contradictory findings were potentially explained by another study reporting that AXL is a crucial receptor for infection of human glial cells (astrocytes and microglia) but not of human NPCs 75 . The importance of AXL (or other receptors and pathways implicated in glial ZIKV infection) and the enhanced susceptibility of astrocytes and microglia to infection could have easily been overlooked based on brain organoid models alone, suggesting that more sophisticated organoids may be required for some aspects of disease modelling and drug discovery.
Modelling psychiatric diseases. 2D iPSC models have been important for analysing parameters such as gene expression, cell morphology, neuronal excitability, and synapse formation 76, 77 and have shed light on mechanisms underlying disorders such as schizophrenia 78, 79 , bipolar disorder [78] [79] [80] , and Rett syndrome 81 (for discussion, see REF. 82 ). Organoid modelling, with its more complex tissue structure, offers new possibilities. In a recent study, forebrain organoids were generated from four patients with severe idiopathic ASD and from their unaffected first-degree relatives 83 . Patient-derived organoids exhibited dysregulation of forkhead box G1 expression (an important gene for forebrain development), accelerated cell cycle progression and increased production of GABAergic neurons. Keeping in mind the caveats of whole-organoid transcriptome analyses (such as composition differences across organoids), this demonstrates how organoid modelling can be used to identify molecular and cellular alterations that may underlie neuropsychiatric disorders.
Brain organoids have also been used to model Timothy syndrome, a severe neurodevelopmental disease characterized by ASD and epilepsy 6 . iPSCs from three patients with Timothy syndrome were used to generate dorsal and ventral forebrain organoids, which were subsequently fused to model interneuron migration. This revealed a cell-autonomous migration defect in Timothy syndrome-derived interneurons. As more diverse disease phenotypes are reported in organoids, it will be important for the disease features to be replicated by multiple laboratories in order to support their true relevance.
Many neuropsychiatric diseases manifest defects in processes that unfold postnatally, such as circuit formation, synaptic pruning, dendritic growth and cortical circuit refinement. These neuronal networks can take years to mature in the human brain and rely on subcortical influences, calling into question the ability of organoid models to accurately reflect these complex interrelated features of brain development.
Modelling neurodegenerative diseases.
It is also unclear how much insight can be gained by using organoids to model neurodegenerative diseases. Studies have suggested that brain organoids may be relevant models, even for late-onset diseases such as Alzheimer disease (AD). The amyloid hypothesis of AD posits that excessive accumulation of amyloid-β peptide leads to neurofibrillary tangles composed of aggregated hyperphosphorylated tau 84 . 2D cell cultures may not provide the complex extracellular environment necessary to model extracellular protein aggregation, making 3D tissue-like structures an arguably more promising model. Indeed, one study revealed that familial AD (FAD) mutations in β-amyloid precursor protein and presenilin 1 induced robust extracellular deposition of amyloid-β in a human neural stem-cell-derived 3D culture system 85 . Furthermore, the 3D-differentiated neuronal cells expressing FAD mutations exhibited aggregates of phosphorylated tau as well as filamentous tau. These findings were supported by another group using brain organoids derived from multiple patients with FAD: again, AD-like pathologies such as amyloid aggregation, hyperphosphorylated tau protein, and endosome abnormalities were seen 86 . These findings are important because this phenotype has not been reported in mouse models with FAD mutations.
Several drugs that have shown promising results in Alzheimer mouse models have failed to prevent cognitive decline in late-phase clinical trials [87] [88] [89] . Brain organoids are amenable to drug treatment, and it has been shown that disease phenotypes can be recapitulated across multiple cell lines derived from different patients with AD. Such studies offer hope that brain organoids might act as a drug discovery platform for neurodegenerative disease. Of course, not all aspects of brain structure and function will be modelled by these tissue structures, but perhaps the most precocious events in disease aetiology can be captured and investigated, and these may share mechanistic pathways with disease features that manifest at later stages.
Conclusions and future directions
The brain organoid model is in an early phase of development. How scientists respond to the challenges of using this system will determine how widely it is adopted. Extensive molecular characterization of cell types is fundamental to understanding to what extent in vitroderived cells resemble their in vivo human counterparts. Given the heterogeneity of cell composition in organoids, single-cell mRNA sequencing offers a major advantage for molecular characterization, and further understanding of transcriptional programmes in fetal cell types and normal developmental programmes will also be important. With continued in-depth studies, protocols can be assessed and improved to better reflect human development. Bioengineering techniques will be important for adding in structural features that are normally present in the developing human brain. For example, a network of infiltrating structures could carry and distribute important nutrients to the organoid. Such techniques might allow larger and more complex organoids to form and allow modelling of later fetal stages. PSC-derived cell types could also be differentiated separately and integrated into the organoid model. It will be interesting to see how far current protocols can be pushed. For example, can brain organoids model human features of cortical architecture, including recently identified developmental changes in the glial scaffold 90 (FIG. 3a) ? Once robust protocols are established, a plethora of techniques from lineage tracing to live imaging can be applied to probe important unanswered questions concerning human brain development.
In conclusion, the capacity of organoids to differentiate, self-organize, and form distinct, complex, biologically relevant structures makes them ideal in vitro models of development, disease pathogenesis, and platforms for drug screening. They hold the promise of better relevance for understanding human brain development and disease than current rodent models. The failure of many neurotherapeutic approaches to translate from animal models to clinical practice underscores the need for better predictive models, and brain organoids may help bridge this divide. However, to take full advantage of this potential, we must acknowledge the strengths and the limitations of current organoid modelling systems. The diverse cell types that can be represented in an organoid can be an advantage for modelling complex cellular interactions, but future studies must validate the extent and reproducibility of composition differences. The slow maturation of organoids may limit studies of later developmental events or stages of disease expression; however, disease phenotypes that manifest at early stages may be aptly modelled. Finally, the absence of cell types involved with normal brain development and circuit function, the variation in structural features of cell and tissue architecture, and the need for more comprehensive transcriptional network matching between organoid and fetal tissue will need to be overcome to realize the full potential of these systems as models for human brain development and disease.
